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The possibility of suppressing gas species in direct current glow discharge mass spectrometry (dc-GDMS) with a
linear time-of-flight mass analyzer was investigated. With this dc-GD ion source, a ‘clean’ mass spectrum rich in
analyte could be obtained when the dc-GD was operated under a discharge current of 15–30 mA and a gas pressure
of 300–500 Pa, in contrast to the strong signals of gas species in conventional dc-GDMS, which operates at lower
currents and pressures (typically 1–5 mA and 100 Pa). Such an experimental result is believed to be due to increased
sputtering at higher pressures and currents, and the different ionization mechanisms of analyte and gas species. For
a possible GD design to eliminate the background gas ions, a new discharge configuration was developed by
attaching a TM010 microwave resonator to the GD ion source. The mass spectrum of the cathode sample showed a
low gas species background when the microwave-induced plasma (MIP) discharge was ‘off ’ under different dc-GD
parameters. The mass spectra of analyte and gas species obtained with ‘MIP+dc-GD’ and ‘MIP only’ modes are
also compared and discussed. It was found that the analyte signals decrease and the gas species signals increase in
the presence of the MIP, and that the analyte signals nearly disappear in the ‘MIP only’ mode. Preliminary results
suggest that, for specific discharge conditions and with a suitable design of the GD source, an efficient suppression
of gas species in dc-GDMS detection could be realized.
Glow discharge mass spectrometry (GDMS) has been widely In this work, the operational parameters of a laboratory-
applied in the area of material characterization, such as direct built GD ion source10 in the dc mode were evaluated for
solid sample and surface depth analysis.1,2 To date, direct suppressing gas ion signals with a linear orthogonal TOFMS
current glow discharge (dc-GD) is still the most popular ion instrument. In addition, a new discharge configuration was
source for commercial GDMS instruments, because of its constructed by attaching the GD cell to a TM010 microwavesimplicity and ease of operation. However, serious interference resonator, and was coupled to the TOFMS instrument for gas
from gas species in sample analysis is usually found in ion suppression. The operational parameters as well as the
dc-GDMS.3,4 Such a disadvantage has restricted the appli- characteristics of the new GD device were investigated so as
cation of dc-GDMS to some extent. It has been shown that to obtain a high signal ratio of analyte to background species,
cluster ion interference in GDMS can be suppressed by in order to obtain a better understanding of the sampling
sampling high-energy ions from a reversed hollow cathode ion processes of analyte and gas ions.
source, because of the different energy distributions of gas
species and analyte ions in the discharge.5,6 In addition, the
line intensity ratio of analyte to discharge gas in quadrupole
dc-GDMS has also been improved by several orders of magni-
Experimentaltude by Oksenoid et al.,7 and such a large enhancement was
believed to be due to the different ion energy distributions Except for the modifications to the GD ion source, the ion optics
depending on the origin of different ion species.7 However, in and the linear TOF mass analyzer utilized in this work were
order to reach such a high performance, it is necessary to basically the same as those reported previously.10 Therefore, the
optimize the ion source geometry, ion extraction system and emphasis here will be placed mainly on the GD ion source.operational parameters of GDMS quasi-simultaneously, which
Throughout this work, a pure copper disc served as the samplemakes the experimental procedure very complicated.7
cathode, and Ar (99.999%, Fuyou Gas Corporation, Xiamen,On the other hand, in the last few years, pulse-GDMS,
China) was used as the working gas. All of the mass spectraespecially microsecond-pulse glow discharge time-of-flight
obtained were based on an average of 200 ion repelling pulses.mass spectrometry (ms-pulse GD-TOFMS), has been shown
to be a powerful tool for obtaining a ‘clean’ mass spectrum of
the analyte with a very high signal-to-background ratio.8,9 In Glow discharge ion source
the ms-pulse GD mode, a time delay arises from the ion
Shown in Fig. 1(a) is a diagram of the laboratory-built GDformation sequence for the working gas (argon, Ar) and
ion source reported in detail previously.10 A quartz ring isanalyte.8 By adjusting the delay time of the repeller pulse, it
utilized to restrict the discharge area and to separate the anodeis possible to largely ignore the background Ar ions prior to
from the cathode. Compared with the ion source previouslythe repelling of the analytical ion pulse such that the mass
reported,10 this GD ion source has been subjected to somespectrum is characterized by high discrimination against dis-
modifications. The thickness of the discharge chamber hascharge gas species. However, in the dc-GD mode, intense Ar
been reduced from 6 to 5 mm. In addition, this GD ion sourceand ArH signals are found with respect to ms-pulse GD, and
these intense signals could cause saturation of the ion detector.8 is powered with dc-GD rather than ms-pulse GD.10 In this
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are used to adjust the minimum reflected power of the MIP.
In such a MIP-GD configuration, the GD cell is separated
from the sampler orifice of the MS instrument by a distance
of about 10 mm; therefore, the transportation and sampling
processes of the discharge gas species and sputtered particles
therein should be very different from those in the GD source
shown in Fig. 1(a).
The tandem MIP-GD ion source is evacuated by the first
vacuum stage of the MS instrument through a 2 mm orifice in
the sampler. The first vacuum stage is pumped by a rotary
mechanical pump (15 dm3 s−1, Shanghai Vacuum Plant,
Shanghai, China). Working gas is injected continuously to
pass through the tandem GD source. The discharge gas
pressure is regulated by an inlet needle valve, and monitored
with a thermocouple gauge (ZDO-54, Chengdu Instrument
Factory, Chengdu, China).
The microwave generator is essentially the same as that
previously reported,11 and is connected to the resonator
through a 2 m long coaxial cable with a 50 V impedance.
Results and discussion
Effect of the discharge parameters of dc-GD on line intensities
of sample and gas ions
The influence of the operational parameters of the dc-GD,
including pressure and current, on the mass spectra of gas
species and sputtered materials, was investigated. The dc-GD
device shown in Fig. 1(a) serves as an ion source for TOFMS.
The anode body of the GD is at ground potential throughout
its operation in contrast to the work of Oksenoid et al.7 TheFig. 1 (a) Schematic diagram of the GD ion source. A quartz
TOFMS working conditions were optimized with respect to arestrictor ring separates the anode and sample cathode, and confines
strong analyte ion signal, and the same operational parametersa stable discharge. The diagram is not to scale. (b) Schematic diagram
were used throughout the work described in this section.of the new GD ion source. A TM010 microwave resonator is attachedto the dc-GD cell. The diagram is not to scale. Fig. 2 demonstrates the effect of discharge pressure on the
line intensities of analyte and gas species under a series of
discharge currents. The discharge current was controlled inwork, a commercial dc power supply (DWW-1500/0.3,
the range 10–30 mA, with a current interval of 5 mA. TheXingjiang Electronic Plant, Yangzhou, China) was used to
initial pressure was 200 Pa, and was increased at intervals ofsustain the discharge. This dc power supply can output a
50 Pa. As shown in Fig. 2(a), when the discharge pressure ismaximum voltage and current of 1500 V and 300 mA, respect-
200 Pa, the mass spectrum is dominated by strong backgroundively. In previous work, it was found that a Macor sampler
gas species (water and Ar species here) and the analyte signalsdisc should be placed in front of the sampler plate of the MS
are relatively weak. With an increase in discharge pressure,instrument in the ms-pulse GD mode in order to achieve good
the intensities of the gas ions decrease significantly; in contrast,sputtering.10 Interestingly, it was found that the Macor disc
the analyte signals reach a maximum when the pressure iscan be omitted when the GD source works in the dc-GD
300 Pa and a good line intensity ratio of analyte to gas speciesmode. We suspect that such an experimental difference has a
is obtained, after which the line intensities of the analyteclose relationship with the plasma characteristics of dc-GD
decrease with further increase in gas pressure.and ms-pulse GD, such as the plasma temperature and dis-
Some interesting experimental results were obtained in thischarge power level.
study. Firstly, as shown in Fig. 2, signals of the Ar species can
be suppressed efficiently when the GD is working under aNew design of glow discharge ion source with a TM
010 relatively high pressure in a discharge current range ofmicrowave resonator
10–30 mA. Therefore, it is fairly easy to eliminate the inter-
ference of gas species in MS analyses by simply selecting theA schematic diagram of the new GD ion source is shown in
Fig. 1(b). The construction of the microwave-induced plasma appropriate dc-GD operational parameters regardless of the
TOFMS working conditions. Secondly, a gas pressure rangeboosted GD (MIP-GD) ion source is based on the design of
the MIP-GD device which has been previously reported for of 300–500 Pa seems to be desirable for a strong analyte signal
when the discharge current varies between 15 and 30 mA.optical emission spectrometry (OES).11 Compared with the
OES source, this tandem ion source is designed to couple Both the working pressure and current of the dc-GD are
similar to those obtained by Oksenoid et al.,7 where a flatcompactly with a MS analyzer and several modifications have
been made accordingly. The design of the GD source is similar copper sample was also used as the cathode. However, as
shown in Fig. 2, an extremely high working pressure will resultto that shown in Fig. 1(a). Both the GD source and the
microwave resonator are made of brass. The discharge gap in in a decrease in the analyte signal.
The ionization processes of the cathode atoms are believedthe GD lamp is relatively narrow such that the thickness of
the discharge chamber is only 5 mm. A quartz tube with an to be due mainly to three mechanisms: Penning ionization by
metastable Ar atoms (Ar*), electron impact ionization, andinner diameter of 8 mm and a length of 10 mm is placed inside
the microwave resonator, and separates the inner low pressure asymmetric charge transfer by Ar ions. The most important
processes of Ar* production are fast Ar ion and atom impactregion from the outer atmospheric pressure. Cooling water is
used to cool the sample cathode directly. Two tuning screws excitations close to the cathode, and electron impact excitation




















































have a close relationship with the change in Ar* density at
different gas pressures and discharge currents (discharge
voltages).
On the other hand, the different behavior of the analyte and
gas species ions is also due to sputtering. For a Grimm-type
GD source, the sputtered sample atoms and ions become
relatively more important in comparison with Ar atoms and
ions at higher pressures and currents.15 Such a result is believed
to be due mainly to increased sputtering, and also to increased
ionization by Penning ionization and asymmetric charge
transfer.15
Shown in Fig. 3 is the effect of discharge current on the
mass spectrum of a copper sample and gas species at a constant
gas pressure of 550 Pa. Under such a gas pressure, the Ar
signal could hardly be found in MS detection, and the signals
of the sample ions increased with the discharge current. As
the background spectrum due to water species can be further
eliminated with a gas purification device, a ‘clean’ mass
spectrum, rich in sputtered sample ions similar to that achieved
in ms-pulse GD-TOFMS,8 can be obtained with a high line
intensity ratio of analyte to interference with such a dc-GDMS
configuration.
Investigation of the suppression of gas species signals with the
new GD ion source
In order to study the new dc-GD device for the suppression
of gas ion signals, and also to study the sampling processes of
sample and gas ions in MS detection, a laboratory-built
MIP-GD device [see Fig. 1(b)] was used instead of the GD
ion source and served as the ion source for TOFMS. Both the
anode body of the GD and the microwave cavity are at ground
potential. The TOFMS working conditions were optimized so
as to achieve a strong analyte ion signal, and the optimum
parameters were used throughout the work described in this
section unless stated otherwise.
Effect of discharge pressure on signals of analyte and gas
species with the MIP in the ‘off ’ configuration. Fig. 4 depicts
the effect of gas pressure on the mass spectrum obtained with
the ‘dc-GD only’ mode. In this part of the study, only the
dc-GD was ignited and the MIP discharge was off. As shown
in Fig. 4, the mass spectra are fairly similar to those in Fig. 3,
although the configuration of the ion source seems to lead to
some differences. The signal of copper increases with discharge
Fig. 2 (a) Effect of working pressure on the mass spectrum of a
copper sample. Ion detector potential, −2445 V. Pressure and corre-
sponding voltage drop are: (A) 200 Pa, 600 V; (B) 250 Pa, 525 V; (C)
300 Pa, 510 V; (D) 350 Pa, 480 V; (E) 400 Pa, 460 V; (F ) 450 Pa, 425
V; and (G) 500 Pa, 410 V. (b) Effect of working pressure on the mass
spectrum of a copper sample. Ion detector potential, −2445 V.
Pressure and corresponding voltage drop are: (A) 200 Pa, 780 V; (B)
250 Pa, 675 V; (C) 300 Pa, 625 V; (D) 350 Pa, 585 V; (E) 400 Pa, 560
V; (F) 450 Pa, 500 V; (G) 500 Pa, 470 V; (H) 550 Pa, 435 V; and (I )
600 Pa, 415 V. (c) Effect of working pressure on the mass spectrum
of a copper sample. Ion detector potential, −2445 V. Pressure and
corresponding voltage drop are: (A) 200 Pa, 1025 V; (B) 250 Pa, 830
V; (C) 300 Pa, 760 V; (D) 350 Pa, 675 V; (E) 400 Pa, 640 V; (F)
450 Pa, 570 V; (G) 500 Pa, 535 V; (H ) 550 Pa, 500 V; (I ) 600 Pa, 460
V; (J ) 650 Pa, 440 V; and ( K ) 700 Pa, 425 V.
at the beginning of the negative glow region.12 The number
density of Ar* has been shown to increase with discharge
voltage, current, and gas pressure.12,13 At a sufficiently high
pressure, the number density of Ar* reaches a maximum
Fig. 3 Influence of discharge current on signal intensities. Pressure,whereafter it decreases again, since the loss processes become 550 Pa; ion detector potential, −2445 V. Current and corresponding
more important than the production processes.14 Therefore, voltage drop are: (A) 5 mA, 330 V; (B) 10 mA; 390 V; (C) 15 mA,
we believe that the relationship between the intensity of the 425 V; (D) 20 mA, 440 V; (E) 25 mA, 460 V; (F) 30 mA, 490 V; (G)
35 mA, 520 V; and (H ) 40 mA, 540 V.analyte signal and the gas pressure shown in Fig. 2 should




















































that of Ar ions,16 and the number density of Ar ions should
have become much lower than that of metastable Ar atoms15
in the region near to the sampler orifice. However, signals of
water species produced by electron impact ionization could
still be observed in the mass spectrum.
Characteristics of the mass spectrum of analyte and back-
ground gas in the absence and presence of MIP discharge.
Shown in Fig. 5 are the mass spectra of a copper sample
obtained with the ‘dc-GD only’, ‘dc-GD+MIP’ and ‘MIP
only’ working modes, respectively. In the presence of the MIP
discharge, in order to avoid saturation of the detector due to
the intense signal of gas species, a lower detector potential of
−2225 V was used instead of −2650 V in the ‘dc-GD only’
Fig. 4 Effect of gas pressure on the mass spectrum of copper obtained
in the ‘MIP off ’ operational mode. Voltage drop, 650 V; ion detector
potential, −2650 V. Pressure and corresponding current are: (A)
300 Pa, 14 mA; (B) 350 Pa, 18 mA; (C) 400 Pa, 20 mA; (D) 450 Pa,
22 mA; (E) 500 Pa, 25 mA; (F) 550 Pa, 28 mA; and (G) 600 Pa,
32 mA.
pressure and reaches a maximum at a gas pressure of 500 Pa,
a current of 30 mA and a voltage of 650 V, after which it
decreases at higher gas pressures. However, it is interesting
that the signal of 40Ar could hardly be found in the mass
spectra in such a pressure range, and the signals of both water
species and 36Ar decrease with an increase in pressure. It seems
that if the dc-GD possesses such an ion source configuration,
the gas species can be suppressed even more efficiently than
with the GD ion source shown in Fig. 1(a). However, as
anticipated, the signals of the sample ions decrease by about
3-fold because of a lower transportation efficiency of sample
particles due to the longer distance between the cathode and
the sampler orifice, and a higher potential should be applied
to the ion detector.
With the new dc-GD design, the sample cathode is separated
from the sampler orifice of the MS instrument by a distance
of about 17.5 mm, compared with 7.5 mm in Fig. 1(a) (the
thickness of the restrictor quartz ring is 2.5 mm). Therefore,
the transportation and sampling processes of discharge gas
species and sputtered particles therein should be different from
those inside the GD ion source shown in Fig. 1(a). As shown
in Fig. 4, fairly strong analyte signals could still be recorded
even though the distance between the cathode and sampler
orifice is 17.5 mm. We believe that Penning ionization should
still be the principal process in the vicinity of the sampler
orifice such that the contribution of Ar* to the ionization of
sample atoms cannot be neglected. Such an explanation is
supported by the work conducted by Bogaerts et al.13
Bogaerts et al.13 have investigated the three-dimensional
density profile of Ar* in a dc-GD, and found that the density
profile is characterized by two distinct peaks, which are located
at a distance of 2–4 and about 12 mm away from the cathode
surface, respectively.13 In addition, they found that the second
peak becomes more important, and even a third peak seems
to appear at about 17 mm, at high voltages, pressures and
currents.13 At the end of the negative glow, the number density Fig. 5 (a) Mass spectrum of a copper sample obtained in the absence
of a MIP discharge. Pressure, 500 Pa; current, 30 mA; voltage drop,of slow electrons has dropped to such an extent that electron
680 V. Ion detector potential, −2650 V. (b) Mass spectrum of aquenching becomes negligible and a net production by electron
copper sample obtained in the presence of a MIP discharge. Pressure,impact excitation is observed, giving rise to the second peak
500 Pa; current, 30 mA; voltage drop, 610 V; microwave forwardin a region far from the cathode surface.13 power, 50.0 W; reflected power, 10.5 W. Ion detector potential,
On the other hand, away from the GD cell, the densities of −2225 V. (c) Mass spectrum of a copper sample obtained with the
Ar* and Ar ions spread out due to diffusion processes. The ‘MIP only’ discharge. Pressure, 500 Pa; microwave forward power,
50 W; reflected power, 12.0 W. Ion detector potential, −2225 V.distribution profile of metastable Ar atoms13 is different from




















































mode, and thus the amplification factor of the detector was configuration, a mass spectrum of the cathode sample under
different dc-GD parameters could be obtained with a low gaslimited with a magnitude of about 5-fold. As shown in Fig. 5,
in the absence of the MIP, the mass spectrum exhibits strong species background in the absence of a MIP discharge.
However, analyte ion signals are decreased and the lineion signals for the analyte and low signals for the background
gas [see Fig. 5(a)]; however, the signals of gas species, including intensities of gas species are clearly enhanced in the presence
of a MIP. On the other hand, in the ‘MIP only’ mode, thewater species, nitrogen, oxygen, 36Ar, and argon–oxygen, are
greatly enhanced after the introduction of the MIP discharge signal of the sample cathode nearly disappears and the mass
spectrum exhibits strong background gas signals. Furtherinto the GD [see Fig. 5(b)]. Furthermore, it can be seen from
Fig. 5(b) that the signal of copper decreases in the presence research is being undertaken into the optimization of this new
dc-GD device for suppressing gas species.of the MIP, which is believed to be mainly due to a decrease
in the reduced-sputtering rate with the introduction of the
microwave discharge. In addition, the MIP discharge may also The authors are grateful to National Nature Science
influence the number density of the sample ions in the vicinity Foundation of China, National Analysis and Testing
of the sampler orifice by affecting the transport and diffusion Association, and Xiamen Municipal Government, for funding
processes of the sample atoms, and the number densities of this research.
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